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Abstract 
In this paper, the effects of the reaction models for the condenser and reboiler were investigated by carrying out rate-based 
simulations on the NH3-based CO2 regeneration process. The predicted parameters in the regeneration process agree well with 
the experimental results when using the kinetic reaction model for both the condenser and reboiler. The chemistry model for the 
reboiler significantly underestimates the CO2 output and overestimates the regeneration energy, but has little effects on the 
component concentrations in the gas product. When using the chemistry model for the reboiler, the underestimation of the CO2 
output mainly comes from the reboiler stage and it is due to that the HCO3- in the liquid phase does not decompose, but forms in 
the reboiler stage, while the overestimation of the regeneration energy not only comes from the underestimation of the CO2 
output, but also the overestimation of the reboiler heat duty, which is due to the higher predicted bottom temperature of the 
stripper. The chemistry model for the condenser only significantly underestimates the NH3 concentration in the gas product. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
The NH3-based CO2 capture process has been widely accepted as a feasible way for mitigating the huge CO2 
emissions from coal-fired power plants [1, 2]. Currently, most studies on the NH3-based CO2 capture process are 
based on experiments and process simulations [3, 4]. Experimental studies are very important for understanding the 
reaction mechanisms [5, 6], reaction kinetics [7], and mass transfer coefficients [8] in this process. The large-scale CO2 
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capture process can actually reduce the CO2 emissions significantly. However, if carrying out large-scale 
experiments, they will inevitably need great capital investment. Effective simulation method can avoid this problem. 
Currently, most simulations focus on the CO2 absorption process while less focus on the CO2 regeneration process  
[9-11], especially lacking detailed verifications of the simulation methods. The CO2 regeneration process takes places 
in the stripper, which includes the reboiler at the bottom, packing section in the middle, and condenser at the top. 
The reboiler provides heat for CO2 regeneration, the packing section provides opportunity for heat and mass transfer, 
and the condenser makes the water vapor condense. Comparing to the CO2 absorption process, the CO2 regeneration 
process is more complex and covers wider temperature and pressure ranges [12, 13]. Since the unsuitable simulation 
method for this may lead to unreliable results, studies on the simulation methods of the CO2 regeneration process are 
very necessary. 
According to the different descriptions of the heat/mass transfer, there are two models for regeneration process of 
CO2 capture, namely equilibrium-based and rate-based models. The equilibrium-based model assumes vapor-liquid 
equilibrium between the vapor and liquid phases leaving each stage, while the rate-based model considers actual 
heat/mass transfer rates and assumes that the vapor-liquid equilibrium only exists at the interface of the liquid and 
vapor phases [14]. Duan et al. [15] and Darde et al. [16] simulated the NH3-based CO2 regeneration process with the 
equilibrium-based model. Their predicted regeneration energies are both far lower than the lowest experimental 
regeneration energy from the Munmorah pilot plant [17], and the reason for this comes from the overestimation of the 
heat/mass transfer rates. In our previous work [18], the CO2 regeneration process was simulated with the rate-based 
model. The condenser and reboiler adopted the chemistry model, while the packing section adopted the kinetic 
reaction model. In the chemistry model, all reactions stay at the chemical equilibrium. But in the kinetic reaction 
model, the reactions between CO2 with NH3 or OH- are kinetically controlled, while others stay at the chemical 
equilibrium. Simulation results showed that the NH3 concentrations in the gas product are far lower than the 
experimental results from the Munmorah pilot plant [19], and the reason for this may come from the improper 
reaction models for the condenser and reboiler.  
In this paper, rate-based simulations of the NH3-based CO2 regeneration process were carried out. Different 
reaction models were adopted for the condenser and reboiler, respectively. The predicted target parameters including 
the CO2 output, regeneration energy, CO2 desorption duty, condenser duty, solvent heat up duty, bottom temperature 
of the stripper, and NH3 and H2O concentrations in the gas product were compared with the experimental results 
from the Munmorah pilot plant. Here, the regeneration energy is the ratio of the reboiler heat duty to the CO2 output, 
where the reboiler heat duty includes the CO2 desorption duty, condenser duty and solvent heat up duty. The CO2 
desorption duty is the energy required to desorb CO2 from the solvent, the condenser duty is the energy transferred 
to the outer cooling water, and the solvent heat up duty is the energy required to heat the solvent from the stripper 
inlet temperature to the stripper outlet temperature. The bottom temperature of the stripper, namely the stripper 
outlet temperature, is the temperature of the lean solvent flowing out of the stripper. Besides, the distributions of the 
main components in the vapor and liquid phases were obtained for further understanding the effects of the different 
reaction models for the condenser and reboiler. 
2. Description of regeneration process 
The schematic diagram of regeneration process for the NH3-based CO2 capture is shown in Fig. 1. After being 
heated by the lean solvent (LEANOUT) in the heat exchanger (HEATX), the rich solvent (RICHOUT) turns into 
RICHIN and directly flows into the stripper. Here, the LEANOUT comes from the bottom of the absorber. In the 
stripper, the reboiler provides heat for regenerating CO2 from the rich solvent. After CO2 regeneration, the RICHIN 
turns into the lean solvent (LEANOUT) and flows out of the stripper. The LEANOUT transfers heat to the 
RICHOUT and becomes MID, which is then cooled into LEANIN for recycle. The vapor phase flowing into the 
condenser includes CO2, NH3 and H2O. In the condenser, the water vapor condensates and turns into the condensate 
water for absorbing the NH3 in the gas product. After the condenser, the gas product (PRODUCT) is almost pure 
CO2, which can be compressed for further storage or usage. 
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Fig. 1. Schematic diagram of regeneration process for the NH3-based CO2 capture. 
3. Modeling methods for regeneration process 
The rate-based model was adopted for simulating the NH3-based regeneration process. The flow model was set as 
Mixed. The Redlich-Kwong equation of state and the electrolyte-NRTL method were used to compute properties of 
the vapor and liquid phases, respectively. The mass transfer coefficient and interfacial area were estimated by 
HanleyPall correlations [20]. The holdup was estimated by Billet and Schultes correlation [21]. The heat transfer 
coefficient was estimated by Chilton-Colburn method [22]. The chemistry model and kinetic reaction model for 
describing the reactions in the CO2 regeneration process were same with those reported by Niu et al. [12]. 
After the above settings, references for verification are the experimental results from the Munmorah power plant 
[17, 19], in which the packing section was randomly packed with 16 mm Pall rings. The inner diameter and packed 
height of the packing section are 0.4 m and 3.5 m, respectively. Four reaction models for the condenser and reboiler, 
namely KK, CK, KC and CC models as shown in Table 1, were used for studying effects of these reaction models 
on the simulation results of the CO2 regeneration process. Here, the CC model is adopted acquiescently in the rate-
based model of the Aspen Plus [14]. Meanwhile, the packing section always adopted the kinetic reaction model. 
 
Table 1. Four reaction models for the condenser and reboiler: KK, CK, KC, and CC. 
Models KK CK KC CC 
Condenser Kinetic reaction model Chemistry model Kinetic reaction model Chemistry model 
Reboiler Kinetic reaction model Kinetic reaction model Chemistry model Chemistry model 
4. Results and discussion 
4.1 CO2 output and regeneration energy 
 
Fig. 2 shows the comparisons between the experimental and predicted CO2 output and regeneration energy, in 
which the KK, CK, KC and CC models were adopted for simulations, respectively. The predicted CO2 output and 
regeneration energy by the KK, CK models agree well with the experimental results, while the KC and CC models 
predict lower CO2 output and higher regeneration energy. This indicates that the chemistry model for the reboiler 
underestimates the CO2 output, but overestimates the regeneration energy. The reason for this is that all reactions 
taking place in the liquid phase stay at the chemical equilibrium when using the chemistry model for the reboiler, 
and therefore CO2 is more difficult to be desorbed from the solvent in the reboiler. The reason for overestimating the 
regeneration energy when using the chemistry model for the reboiler not only comes from the underestimation of the 
CO2 output, but also comes from the overestimation of the reboiler heat duty, which will be discussed in Section 
4.2-4.3. Meanwhile, the reaction models have little effects on the CO2 output and regeneration energy. From the 
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view of predicting the CO2 output and regeneration energy, the kinetic reaction model should be adopted for the 
reboiler. 
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Fig. 2. Comparisons between the experimental and predicted (a) CO2 output and (b) regeneration energy, in which 
the KK, CK, KC and CC models were adopted for simulations, respectively. 
 
4.2 CO2 desorption duty and condenser duty 
 
Fig. 3 shows the comparisons between the experimental and predicted CO2 desorption duty and condenser duty, 
in which the KK, CK, KC and CC models were adopted for simulations, respectively. The predicted CO2 desorption 
duty and condenser duty by the KK, CK, KC and CC models differ little. This means that the reaction models for the 
condenser and reboiler both have little effects on the CO2 desorption duty and condenser duty. This indicates that 
the reason for the overestimation of the reboiler heat duty when using the chemistry model for the reboiler does not 
come from the prediction of the CO2 desorption duty and condenser duty. 
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Fig. 3. Comparisons between the experimental and predicted (a) CO2 desorption duty and (b) condenser duty, in 
which the KK, CK, KC and CC models were adopted for simulations, respectively. 
 
4.3 Solvent heat up duty and bottom temperature of the stripper 
 
Fig. 4 shows the comparisons between the experimental and predicted solvent heat up duty and bottom 
temperature of the stripper, in which the KK, CK, KC and CC models were adopted for simulations, respectively. 
The predicted solvent heat up duty and bottom temperature of the stripper by the KK, CK models agree well with 
the experimental results, while the KC and CC models overestimate the solvent heat up duty and bottom temperature 
of the stripper. The means that the chemistry model for the reboiler overestimates both the solvent heat up duty and 
bottom temperature of the stripper, while the reactions models for the condenser have little effects on them. When 
using the chemistry model for the reboiler, the higher bottom temperature of the stripper comes from that higher 
temperature is required to make reactions reach the chemical equilibrium under the chemistry model, which further 
leads to the overestimated solvent heat up duty. As shown in Figs. 3 and 4, it can be found that the overestimated 
reboiler duty when using the chemistry model for the reboiler mainly comes from the overestimation of the solvent 
heat up duty. From the view of predicting the solvent heat up duty and bottom temperature of the stripper, the 
kinetic reaction model should be adopted for the reboiler. 
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Fig. 4. Comparisons between the experimental and predicted (a) solvent heat up duty and (b) bottom temperature of 
the stripper, in which the KK, CK, KC and CC models were adopted for simulations, respectively.  
 
4.4 NH3 and H2O concentrations in the gas product 
 
Fig. 5 shows the comparisons between the experimental and predicted NH3 and H2O concentrations in the 
product stream, in which the KK, CK, KC and CC models were adopted for simulations, respectively. The NH3 
concentrations predicted by the KK, KC models agree well with the experimental results, while the CK and CC 
models significantly underestimate the NH3 concentration. This means that the chemistry model for the condenser 
underestimates both the NH3 concentration in the gas product, while the reactions models for the reboiler have little 
effects on this. When using the chemistry model for the condenser, the lower predicted NH3 concentration comes 
from that more NH3 is absorbed by the condensate water in the condenser. The different reaction models affect the 
H2O concentration in the product stream little and the CO2 concentrations are all above 99 vol%. Therefore, from 
the view of predicting the NH3 concentration in the gas product, the kinetic reaction model should be adopted for the 
condenser. 
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Fig. 5. Comparisons between the experimental and predicted (a) NH3 concentration and (b) H2O concentration in the 
product stream, in which the KK, CK, KC and CC models were adopted for simulations, respectively. 
 
4.5 Distributions of main components in the vapor and liquid phases 
 
The above comparisons between the experimental and predicted regeneration process parameters demonstrate 
that the KK model gives the best predictions of the parameters in the regeneration process. The chemistry model for 
the reboiler underestimates the CO2 output, but overestimates the regeneration energy. The chemistry model for the 
condenser underestimates the NH3 concentration in the gas product. To further understand the effects of the different 
reaction models for the condenser and reboiler, taking Test 34R1 for example [17], distributions of the main 
components in the vapor and liquid phases along the packed height are obtained. Here, the stripper is divided into N 
stages, and N=10 for Test 34R1. The condenser stage is the stage 1, the reboiler stage is the stage 10, and the 
packing sections start from stage 2 to stage 9. Since the condenser and reboiler stages do not have the concept of the 
packed height, for the convenience of discussion, the position of the vapor phase flowing out of the above condenser 
stage is marked as [H+ H/(N-2)], while the position of the liquid phase flowing out of the bottom reboiler stage is 
marked as [0-H/(N-2)]. Along the flow direction of the vapor phase, the height range for the vapor phase is from 
1096   Minkai Zhang and Yincheng Guo /  Energy Procedia  63 ( 2014 )  1091 – 1098 
zero to [H+ H/(N-2)], and along the direction of the liquid phase, the height range for the liquid phase is from H to 
[0-H/(N-2)]. Here, H is the total height of 3.5 m of the packing section. 
Fig. 6 shows the distributions of the CO2 and NH3 in the vapor phase along the packed height, in which the KK, 
CK, KC and CC models were adopted for simulations, respectively. The distributions of the CO2 in the vapor phase 
predicted by the KK and CK models differ little with the only small difference near the condenser stage, and the 
same is true of those predicted by the KC and CC models. Along the packed height, the molar flow rates of the CO2 
in the vapor phase predicted by the KC and CC models are always smaller than those predicted by the KK and CK 
models. This is mainly due to the underestimation of the amount of the regenerated CO2 in the reboiler stage when 
using the chemistry model for the reboiler, and the packing section and condenser have little effects on this. The 
boilup ratio, namely the ratio of the molar flow rate of the vapor phase in the reboiler to that of the bottom liquid 
product, are same for the KK, CK, KC, and CC models. Since the molar flow rate of bottom liquid product changes 
little under the four models, the molar flow rates of the vapor phase are almost same under these models. Therefore, 
when using the chemistry model for the reboiler, the underestimation of the molar flow rate of the CO2 in the vapor 
phase of the reboiler stage will accordingly results in the overestimation of the molar flow rate of the NH3 in the 
vapor phase of the reboiler stage.  
The significant reduce of the molar flow rates of the NH3 in the vapor phase from stage 2 to the top condenser 
stage predicted by the KK, KC, CK, and CC models is due to the absorption of the NH3 by the solvent in the 
packing section and condenser. Further, it should be mentioned that when using the chemistry model for the 
condenser, the NH3 concentration in the gas product is much smaller than that when using the kinetic reaction model 
for the condenser, as shown in the Fig. 5a. This is due to that more NH3 is absorbed by the condensate water under 
the chemistry model. The absorption of NH3 by the condensate water further leads to the absorption of CO2 by the 
newly formed ammonia solution, and therefore the molar flow rate of CO2 reduces from the stage 2 to the top 
condenser stage. 
 The underestimation of the CO2 output when using the chemistry model for the reboiler mainly comes from the 
underestimation of the amount of the regenerated CO2 in the reboiler stage, while the packing section and condenser 
have little effects on the underestimation of the CO2 output. If using the chemistry model for the condenser, the 
significant underestimation of the NH3 concentration in the gas product is due to that more NH3 is absorbed by the 
condensate water. 
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Fig. 6. Distributions of the (a) CO2 and (b) NH3 in the vapor phase along the packed height, in which the KK, CK, 
KC and CC models were adopted for simulations, respectively. 
 
Fig. 7 shows distributions of the CO2, CO32-, HCO3-, and NH2COO- in the liquid phase along the packed height, 
in which the KK, CK, KC and CC models were adopted for simulations, respectively. The distributions of the CO2, 
CO32-, HCO3-, and NH2COO- in the liquid phase predicted by the KK and CK models differ little, and the same is 
true of those predicted by the KC and CC models. In the top condenser stage, the liquid phase is formed by that the 
condensate water absorbs the NH3 in the vapor phase, and therefore the CO2 in the vapor phase is absorbed by newly 
formed ammonia solution. As the NH3 concentration is very low in the liquid phase of the condenser stage, there is 
little CO2 absorbed in the condenser stage. Therefore, the molar flow rates of the CO2, CO32-, HCO3-, and NH2COO- 
in the liquid phase of the top condenser stage are all very small. The significant increase of the molar flow rates of 
the CO2, CO32-, HCO3-, and NH2COO- in the liquid phase from the top condenser stage to stage 2 is due to the 
injection of the rich solvent. By comparing the molar flow rates of CO32-, HCO3-, and NH2COO- in the liquid phase 
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of stage 1, stage 2, and rich solvent (RICHIN), it can be found that there is decompositions of CO32- and HCO3-, 
while formation of NH2COO-. From the stage 2 to stage 9, the reduce of the molar flow rates of the CO2, CO32-, 
HCO3- in the liquid phase means the CO2 regenerated from the solvent, but the increase of NH2COO- in the liquid 
phase means that part of the regenerated CO2 is further absorbed for producing NH2COO-. In addition, it should be 
mentioned that only the upper packing section has evident effects on the CO2 regeneration. 
The distributions of the CO2, CO32-, HCO3-, and NH2COO- in the liquid phase from stage 9 to the bottom reboiler 
stage predicted by the KK and CK models are evidently different from those predicted by the KC and CC models. If 
using the chemistry model for the reboiler, it greatly changes the amounts of the CO2, CO32-, HCO3-, and NH2COO- 
in the liquid phase of the reboiler stage, especially those of the HCO3-, and NH2COO- in the liquid phase. When 
using the chemistry model for the reboiler, the molar flow rate of the HCO3- in the liquid phase of the reboiler stage 
is evidently overestimated, while that of the NH2COO- in the liquid phase of the reboiler stage is evidently 
underestimated. However, as shown in Fig. 6a, the overestimation of the HCO3- is more significant than the 
underestimation of the NH2COO- in the liquid phase of the reboiler stage, which leads to less CO2 regenerated in the 
reboiler stage. Therefore, the reason for the underestimation of the CO2 output when using the chemistry model for 
the reboiler is that the HCO3- in the liquid phase does not decompose, but forms in the reboiler stage. 
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Fig. 7. Distributions of the (a) CO2, (b) CO32-, (c) HCO3-, and (d) NH2COO- in the liquid phase along the packed 
height, in which the KK, CK, KC and CC models were adopted for simulations, respectively. 
5. Conclusions 
In this paper, rate-based simulations of the NH3-based CO2 regeneration process under different reaction models 
for the condenser and reboiler were carried out. If using the kinetic reaction model for both the condenser and 
reboiler, it gives good prediction of the target parameters in the regeneration process. If using the chemistry model 
for the reboiler, it significantly underestimates the CO2 output and overestimates the regeneration energy, but has 
little effects on the predictions of the component concentrations of the gas product. The underestimation of the CO2 
output when using the chemistry model for the reboiler mainly comes from the reboiler stage, and it is due to that 
that the HCO3- in the liquid phase does not decompose, but forms in the reboiler stage under this model. The 
overestimation of the regeneration energy when using the chemistry model for the reboiler not only comes from the 
underestimation of the CO2 output, but also the overestimation of the reboiler heat duty, which is due to that the 
higher bottom temperature of the stripper required to reach chemical equilibrium under the chemistry model. If using 
the chemistry model for the condenser, it only significantly underestimates the NH3 concentration in the gas product. 
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The reason for this is that more NH3 in the vapor phase is absorbed by the condensate water under the chemistry 
model. In general, the kinetic reaction model, rather than the default chemistry model in Aspen Plus, should be 
adopted for the condenser and reboiler in rate-based simulation of the NH3-based CO2 regeneration process. 
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